Radiation Pressure Traps
One of the basic limitations of dipole traps comes from the large saturation parameters needed for confinement. To overcome this problem traps have been proposed that rely on the scattering force to cool and trap atoms [169] . These designs include either four or six Gaussian beams that converge on a small volume where atoms are trapped. However, such traps cannot be stable as long as the trapping force is proportional to light intensity [169] . This can be simply understood by considering that the flow of optical energy cannot be directed inwards everywhere on the surface of the trapping volume, and thus the force cannot be directed inwards everywhere. Since this is similar to the Earnshaw's theorem for electrostatics, it is called the optical Earnshaw theorem. However, for atoms that have multiple ground states whose absorption probabilities are not all the same, various configurations of laser beams can be used to make stable optical traps [170] .
One such example is the trap relying on optical pumping demonstrated for Cs atoms [171] . Here an arrangement of six diverging beams of modest power with various circular polarizations directed toward the center was able to confine over 10 7 atoms in a sub-mm size volume. The special feature of this trap was the absence of any magnetic field, thereby enabling extremely rapid switching of the trapping force. Furthermore, trapped atoms experience no Zeeman shifts that could complicate precision spectroscopy.
Magneto-Optical Traps

J1.4.1 Introduction
The most widely used trap for neutral atoms is a hybrid, employing both optical and magnetic fields, to make a magneto-optical trap (MOT) first demonstrated in 1987 [172] . The operation of a MOT depend s on both inhomogeneous magnetic fields and radiative selection rules to exploit both optical pumping and the strong radiative force [172, 173] . The radiative interaction provides cooling that helps in loading the trap, and enables very easy operation. The MOT is a very robust trap that does not depend on precise balancing of the counterpropagating laser beams or on a very high degree of polarization. The magnetic field gradients are modest and can readily be achieved with simple, air-cooled coils. The trap is easy to construct because it can be operated with a room -temperature cell where alkali atoms are captured from the vapor. Furthermore, low-cost diode lasers can be used to produce the light appropriate for all the alkalis except Na, so the MOT has become one of the least expensive ways to produce atomic samples with temperatures below I mK.
Trapping in a MOT works by optical pumping of slowly moving atoms in a linearly inhomogeneous magnetic field B = B(z) == Az, such as that formed by a magnetic quadrupole field as discussed in Sec. 10.2. Atomic transitions with the simple scheme of J g = 0 --+ J, = I have three Zeeman components in a magnetic field, excited by each ofthree polarizations, whose frequencies tune with field (and Thus the atoms are driven toward the center of the trap where the magnetic field is zero. On the other side of the center of the trap, the roles of the Me = ± I states are reversed and now more light is scattered from the a + beam, again driving the atoms towards the center. The situation is analogous to the velocity damping in an optical molasses from the Doppler effect as discussed in Sec. 7.2 , but here the effect ope rates in position space, whereas for molasse s it operates in velocity space. Since the laser light is detuned below the atomic resonance in both case s, compression and cooling ofthe atoms is obtained simultaneously in a MOT.
So far the discu ssion has been limited to the motion of atoms in 1D. However, the MOT scheme can easily be extended to 3D by using six instead of two laser beams. Furthermore, even though very few atomic species have transitions as simple as J Ii = 0 -+ J, = I, the scheme work s for any 1 1i -+ J; = 1 1i + I tran sition. Atom s that scatter mainly from the a + laser beam will be optically pumped toward the M g = +J g substate, which forms a closed system with the Me = +J e substate.
JJ.4.2 Cooling and Compressing Atoms in a MOT
For a description of the motion of the atoms in a MOT, consider the radiative force i~the JOw in!ensity limit (see Eq. 3.14). The total force on the atoms is given by When both the Doppler and Zeeman shifts are small compared to the detuning 8, the denominator of the force can be expanded as in Sec. 7.2 and the result becomes (11.5) where the damping coefficient fJ is defined in Eq. 7.2. The spring constant K arises from the similar dependence of F on the Doppler and Zeeman shifts, and is given by (11.6) The force of Eq. 11.5 leads to damped harmonic motion of the atoms, where the damping rate is given by rMar = fJ/M and the oscillation frequency WMar = .JK / M. For magnetic field gradients A~10 G/cm, the oscillation frequency is typically a few kHz, and this is much smaller than the damping rate that is typically a few hundred kHz. Thus the motion is overdamped, with a characteristic restoring time to the center of the trap of 2 r Mar / W~ar~several ms for typical values of the detuning and intensity of the lasers. Note that this restoring force is larger than the purely magnetic force of Chapter 10 by a factor~kz, so it dominates when atoms are more than a few wavelengths from the center of the trap.
The steady-state temperature of atoms in a MOT is expected to be comparable to the temperature for optical molasses. Since the polarizations of the counterpropagating laser beams are opposite, it seems that sub-Doppler temperatures could be achieved in a MOT . Sub-Doppler processes in I D rely on a detailed balance between optical pumping and the local polarization, and in 3D such a balance is disturbed by the laser beams in the other directions. In the 3D light fields of the MOT there are always polarization gradients and the light shifts are spatially dependent, leading'to Sisyph us cooling. Detailed studies of polarization gradient processes in a MOT [174] [175] [176] show that for sufficiently low intensities the temperature of the MOT is indeed below the Doppler limit and proportional to the light shift (see Eq. 8.10). The proportionality constant b depends on the atomic transition and the polarization gradient.
Since the MOT consta nts f3 and K are proportional, the size of the atomic cloud can easily be deduced from the temperature of the sample. The equipartition of the energy of the system over the degrees of freedom requires that the velocity spread and the position spread are related by
For a temperature in the range of the Doppler temperature, the size of the MOT should be of the order of a few tenths of a mm, which is generally the case in experiments.
Capturing Atoms in a MOT
Although the approximations that lead to Eq. 11.5 for the force hold for slow atoms near the origin , they do not apply for the capture of fast atom s far from the origin. In the capture process, the Doppler and Zeeman shifts are no longer small compared to the detuning , so the effects of the position and velocity can no longer be disentangled. However, the full expression of Eq. 11.4 for the force still applies and the trajectories of the atom s can be calculated by numerical integration of the equation of motion [177] . Simulations of the motion can exploit the different time scales of the problem.
The shortest one is the spontaneous lifetime T = I[v , which is of the order of 20 ns. Since this is much smaller than the damping time, there is a large number of spontaneous emission cycles during the slowing so it can be assumed that there is a continuous force acting on the atom s. The second time scale is the dampin g time that is of the order of several ms. In this time interval the atom s are slowed and captured in the MOT. The slowest time scale is the lifetime of the atoms in the MOT, which is of the order of I s under good vacuum conditions. Figure 11 .5a shows the results of a simulation ofthe trajectories of Na-like atom s that enter the MOT with a certain velocity. The simulation is carried out in ID and the laser beams are assumed to interact with the atoms over a range comparable to the diameter of the laser beams. For sufficiently low velocitie s the atoms are immediately slowed down by the Doppler cooling process when they enter the MOT region. After this short deceleration period their velocities are within the range of the overdamped motion of Eq. 11.5, and the atoms are compres sed to the center of the trap with the same rate, as shown by the straight line in the (z, u)-plane. Atoms entering at higher velocities are slowed down by the tail of the Lorentz profile, and if they are completely stopped before the end of the MOT region, they can be captured. The capture velocity U c of the MOT is thus given by the incoming velocity for which atoms are completely stopped when they reach the opposite edge of the MOT region. In this simulation, U c is approximately 55 mls . This system is closed, i.e., spontaneous emission to the ground state is always to the same Fg-state because of the selection rule tlF = 0, ±l. However, another excited hfs state Fe = Fg is close by, and only a small excitation rate to that state leads to a loss of atoms caused by spontaneous emission to the F~= I -S ground state. Since the hyperfine splitting in the ground state is very large, atoms are confined to this state and are no longer cooled and trapped. In order to prevent this, a second laser beam, called a repumper, has to be used and this is tuned to the The hyperfine structure in the excited state changes the detuning dependence of the MOT characteristics considerably [177] . For example, if the laser is red detuned from the cycling transition by more than halfthe splitting between adjacent hyperfine states , the frequency is closer to resonance with the adjacent hyperfine state, and furthermore , is detuned to the blue. Then the cooling becomes heating and the atoms can no longer be trapped.
On the other hand, the hyperfine structure also allows other cycling transitions to be used for cooling and trapping. For Na it was found [172, 177] to the F g = 2 --+ Fe = I transition . This so-called type II trap is much weaker than the more common type I trap described earlier, and leads to a much larger trap volume. However, since the density of the MOT is limited by collision processes, the larger volume allows for the storage of more atoms and the type II MOT usually appears much brighter than the type I MOT.
The capture velocity of a MOT is serendipitously enhanced because atoms traveling across it experience a decreasing magnetic field just as in beam deceleration described in Sec. 6.2.2 [173] . This enables resonance over an extended distance and velocity range because the changing Doppler shift of decelerating atoms can be compensated by the changing Zeeman shift as atoms move in the inhomogeneous magnetic field. Of course, it will only work this way if the field gradient A does not demand an acceleration larger than the maximum acceleration a max (see Sec. 6.2). Thus atoms are subject to the optical force over a distance that can be as long as the trap size, and can therefore be slowed considerably.
The very large velocity capture range V c of a MOT can be estimated by using F max = Iiky /2 and choosing a maximum size of a few cm for the beam diameters. Thus the energy change can be as large as a few K, corresponding to V c~1 00 m/s [173] , as in Fig. 11 .5b. The number of atoms in a vapor with velocities below V c in the Boltzmann distribution scales as v:(see Sec. 5 .2) , and there are enough slow atoms to fall within the large MOT capture range even at room -temperature, because a few K includes 10-4 of the atom s. A more conservative estimate of the capture range might cost another factor of 10, but this is still a very large number of atoms for most room -temperature vapors. For example, at a temperature of 300 K, the vapor pressure of Cs is 10-5 Torr so the density is a few times 1011 atoms/emleaving 10 7 atorns/crrr' within the capture range of an MOT. Thus a Cs MOT in a modest size cell can be filled with 10 9 atoms in less than a second from the room -temperature vapor. Such a scheme was first demonstrated in 1990 with the trap shown in Fig . 11 .6 using diode laser light [178] , and has since been repeated in many laboratories for Na, Rb, and Cs atoms .
Variations on the MOT Technique
I
Because of the wide range of applications of this most versatile kind of atom trap, a number of careful studies of its properties have been made [173, [179] [180] [181] [182] [183] [184] [185] [186] , and several variations have been developed. One of these is designed to overcome the density limits achievable in an MOT. In the simplest picture, loading additional atoms into an MOT produces a higher atomic density because the size of the trapped sample is fixed.
However, the density cannot increase without limit as more atoms are added. The atomic density is limited to~I011 /crn' because the fluorescent light emitted by some trapped atom s is absorbed by others as discussed on p. 27, and this diffusion of radiation presents a repulsive force between the atoms [183, 184] . Another limitation lies in the collisions between the atoms, and as discussed in Chapter 14, the collision rate for excited atoms is much larger than for groundstate atoms. Adding atoms to a MOT thus increases the density up to some point, but adding more atoms then expands the volume of the trapped sample. In some cases the radiation pressure may cause the sample to break up into a central cloud surrounded by an orbiting ring [183, 184] driven by asymmetries in the magnetic field or laser beam profiles. Photographs of some of these atomic clouds are shown in Fig. 11 .7. In addition, certain kinds of collisions among the trapped atoms may also playa role in limiting the density to a similar value . One way to overcome this limit is to have much less light in the center of the MOT than at the sides . Simply lowering the laser power is not effective in reducing the fluorescence because it will also reduce the capture rate and trap depth. But those advantageous properties can be preserved while reducing fluorescence from atoms at the center if the light intensity is low only in the center.
The repumping process for the alkali atoms provides an ideal way of implementing this idea [187] . If the repumping light is tailored to have zero intensity at the center, then atoms trapped near the center of the MOT are optically pumped into the "wrong" hfs state and stop fluorescing. They drift freely in the "dark" at low speed through the center of the MOT until they emerge on the other side into the region where light of both frequencies is present and they begin absorbing again. Then they feel the trapping force and are driven back into the "dark" center of the trap. Such a MOT has been operated at MIT [187] with densities close to 1012/cm3, and the limitations are now from collisions in the ground state rather than from multiple light scattering and excited state collisions (see Chapter 14).
Another variation of the MOT is designed to produce spin-polarized atoms. In a usual MOT, the orientation of the atomic spins varies throughout the trap volume because of the varying direction of the quadrupole magnetic field and the FIGURE 11.7. Spatial distribution of atoms trapped in a MOT whose beams are slightly misaligned. When there are less than 10 8 atoms, they form a central clump, but with more than that there is an orbiting group of atoms as well. different optical polarizations. However, a different trap has been built where two of the three pairs of laser beams are misaligned in the "racetrack" arrangement, and more coils have been added to change the field symmetry [188, 189] . In this case the trap can work adequately even when the two beams in the third pair have the same polarization and one pair of coils produces a uniform field. Atoms are therefore subject to a strong optical pumping toward a particular alignment, and the total sample has a 75% spin alignment [189] .
Ina third variation, the number of laser beams has been reduced from six to four and arranged in tetrahedral symmetry similar to Fig. 16.3b [190, 191] . There are advantages to this arrangement apart from the simplicity of fewer laser beams. First, capturing atoms from a slowed atomic beam is enormously simplified because there is no laser light copropagating with the atoms. Second, the restrictions on polarization purity may be relaxed. Of course, it is a bit more difficult to produce such a configuration of laser beams, but for certain applications, it is certainly advantageous.
Finally, Emile et al. (192) reported a new MOT, in which they used orthogonal pairs of counterpropagating beams having relative polarization angles of 45°. They interpreted the trapping as being a result of a new magneto-optical force observed by Grimm et al. (193) . This force arises from a redistribution of light from one laser beam into the other beam by a stimulated process in the presence of a magnetic field. Since this force arises from a stimulated process, the magnitude of the force can be made much larger than the spontaneous force. Therefore one can expect that this trap can have a larger increase of the phase-space density compared to the traditional MOT.
